DOI: 10.1002/aenm.201500065 characteristics. [ 8 ] Moreover, the molecular frontier orbitals of (D-A)-type copolymer can be readily tuned by rational choice of D and A units. More specifi cally, it has been recognized that the electron-donating and electron-withdrawing powers of D and A units should be weak for obtaining medium bandgap copoly mer. [ 9 ] Particularly, weak electron-donating characteristic of D unit ensures a low-lying HOMO energy level of the resulting conjugated polymer, which is benefi cial to achievement of high V OC of PSCs.
Among many building blocks for D unit, anthracene has recently been used as the electron-donating moiety to construct (D-A)-type copolymers for PSCs. [ 10 ] Owing to its weak electrondonating characteristic, anthracene-based polymers possess deep HOMO energy level, which is favorable for high V OC in PCSs. Moreover, the planar and rigid nature of anthracene unit affords the corresponding copolymer to exhibit high charge transporting properties. [ 11 ] In addition, the functionalization of anthracene through its 9,10-positions offers a viable way to fi netune the optoelectronic properties with high solution processability of the corresponding polymer. [ 12 ] Therefore, anthracene derivatives are very promising candidate as relatively weak D unit for construction of medium bandgap copolymer for high performance PSCs.
In this communication, we designed and synthesized medium bandgap (D−A)-type copolymers, comprising 9,10-thienylanthracene (TA) and benzothiadiazole (BT) as D and A unit, respectively. To optimize the molecular structure of the copolymer for high photovoltaic performance, four BT derivatives with different substituents were utilized for constructing the D-A copolymers. All four copolymers displayed low-lying HOMO energy levels and medium bandgaps in the range of (1.8-2.1) eV. Among them, fl uorine-substituted polymers exhibited high crystallinity, which facilitates effi cient chargecarrier transport and thus high J SC . Also, the fl uorinated polymers showed superior photo-induced charge generation with suppressed bimolecular recombination, which is benefi cial to achievement of high J SC . More importantly, the fl uorinated polymers formed nanoscale phase-separated bulk heterojunction morphology without addition of processing additive and post treatment, leading to a promising PCE as high as 8.05%, which is among the best value reported for medium bandgap polymers. This work clearly demonstrates that TA and fl uorinated BT units are very promising D and A units for medium bandgap copolymer for high photovoltaic performance.
The copolymers composed of TA and BT units are synthesized by Stille cross-coupling polymerization in toluene with a Pd catalyst, as shown in Scheme 1 . When the number average molecular weights ( M n ) and polydispersity indexes (PDI) of Rapid development of polymer solar cells (PSCs) based on bulk heterojunction structure composed of a conjugated polymer and a fullerene derivative as an electron-donor and acceptor, respectively, has led to dramatic advance in the solar cell performance. [ 1 ] The power conversion effciency (PCE) of PSCs has signifi cantly been increased over the last few years exceeding 10% mainly due to remarkable development of novel p-type conjugated polymers. [ 2 ] Recent researches on the development of conjugated polymers have extensively focused on design and synthesis of low bandgap polymers in order to extend the light absorption range over 800 nm for enhanced photon absorption and thereby improved short-circuit current density ( J SC ) of PSCs. [ 3 ] However, low bandgap polymers are generally reported to exhibit high-lying highest occupied molecular orbital (HOMO) energy level due to reduced bandgap ( E g ), which imposes a limitation on PSCs to achieve high open-circuit voltage ( V OC ) and thus high PCE. [ 4 ] Furthermore, the intrinsic narrow absorption range of low bandgap polymer, which signifi cantly limits the use of full solar spectrum, is far from the ideal broad photon absorption. [ 5 ] In this regard, medium bandgap polymers ( E g > 1.7 eV) with superior photovoltaic properties are highly desirable for high performance PSCs. Although the light absorption of medium bandgap polymer is limited in relatively short wavelength range, the morphology control and device engineering may afford improved exciton generation and charge transport for high J SC , which is comparable to the PSCs based on low bandgap polymers. [ 6 ] In conjunction with their intrinsic lowlying HOMO energy levels which assure higher V OC 's, the photovoltaic performance of medium bandgap polymer has been improved over 7% PCE. [ 7 ] One of the most challenging aspects in designing medium bandgap polymer is to properly choose electron-donating and electron-withdrawing building blocks for constructing donoracceptor (D-A)-type copolymers. The (D-A)-type copolymers are expected to exhibit medium bandgap, optimal energy levels, coplanar molecular structure as well as good charge transport wileyonlinelibrary.com polymers are measured by gel permeation chromatography (GPC), it reveals that all four polymers have suffi cient molecular weight (≈40 kDa) for device application ( Table 1 ). All polymers have high solubility in chlorinated organic solvents such as chloroform, chlorobenzene, and o -dichlorobenzene at room temperature, and also exhibit high thermal stability with 5% weight loss at 350 °C (see Supporting Information). The optical properties of the copolymers were measured by an UV−vis absorption spectrometer and the relevant data are summarized in Table 1 . In solution state, the copolymer without any substituent on BT (PTADTBT) exhibits broad absorption in the range of 400-700 nm with an absorption onset at 695 nm corresponding to an optical bandgap ( E g ) of 1.78 eV. As the fl uorine atoms are introduced at the BT unit, the absorptions of the polymers are slightly blue-shifted, and thus the E g 's of fl uorinated polymers (PTADTFBT and PTADTDFBT) are increased to 1.80 and 1.91 eV, respectively. The widened bandgaps of fl uorinated polymers can be attributed to the inductive electron-withdrawing effect of fl uorine atom on the aromatic ring of the conjugated polymer backbone. [ 13 ] However, PTADTBTO with alkoxy side group as a substituent exhibits a large blueshift in absorption with the highest E g of 2.10 eV. The high E g of the alkoxy-substituted polymer may arise from less electrondefi cient nature of alkoxy-substituted BT than other BT derivatives, because strong electron-donating property of alkoxy group reduces the electron-withdrawing capability of BT unit, raising the LUMO energy level of PTADTBTO. It is worth pointing out that PTADTBT, PTADTFBT and PTADTDFBT show distinct vibronic shoulder peaks in solution while PTADTBTO does not exhibits a vibronic shoulder, indicating that the polymer chains except for PTADTBTO are partially ordered in solution due to strong intermolecular interaction ( Figure 1 a) . In fi lm state, all polymers exhibit pronounced bathochromic shift and broadening of absorption band extending to long wavelengths, as shown in Figure 1 b, indicating that the polymer chains are effectively self-assembled owing to strong intermolecular π-π interaction. [ 14 ] Consequently, the formation of well-developed polymer crystallites is expected, which is benefi cial to effi cient charge transport and thus high photocurrent density.
When electrochemical properties of poly mer fi lms are measured by cyclic voltammetry, as shown in Figure 1 c, PTADTBT, PTADTFBT, PTADTDFBT, and PTADTBTO have the HOMO energy levels of −5.40, −5.48, −5.55, and −5.38 eV, respectively, indicating that the fl uorine atom substitution effectively lowers the HOMO energy level while the alkoxy substitution does not affect signifi cantly the HOMO energy level of the copolymer. The LUMO energy levels of fl uorinated polymers (PTADTFBT and PTADTDFBT) are slightly lower than nonfl uorinated one (PTADTBT), while PTADTBTO exhibits very high-lying LUMO energy level of −3.28 eV because of less electron-defi ciency of alkoxy-substituted BT, as discussed above. The effect of different substituents on the electrochemical characteristics of conjugated polymers can also be assessed from the molecular orbital distribution at HOMO and LUMO energy levels calculated from the density functional theory (DFT). As depicted in Figure S1 (Supporting Information), the HOMO electrons are distributed mainly on electron-rich TA unit (extending slightly onto the thiophene unit), whereas the LUMO electrons are localized on electron-defi cient BT unit for PTADTBT, PTADTFBT, and PTADTDFBT. However, PTADTBTO shows featureless distribution of HOMO and LUMO electrons due to reduced electron-defi ciency of BT unit by strongly electron-donating alkoxy groups. It should be also noted here that the LUMO electrons of PTADTDFBT are delocalized over electrondonating TA unit, indicating that quinoidal structure (strong donor-acceptor hybridization) in PTADTDFBT is more likely expected than other polymers. [ 15 ] The structural information such as crystallinity, molecular orientation, intermolecular distance, and crystallite size of the polymers in thin-fi lm state was obtained from the grazing incidence wide angle X−ray scattering (GIWAXS), as shown in Figure 2 . PTADTBT shows strong (100) and (200) diffractions in the outof-plane direction ( q z ), indicating that most of crystallites have edge-on orientation. As fl uorine atoms are substituted, the (100) and (200) diffractions in q z direction become stronger with clear observation of (300) and (400) peaks, indicating that fl uorinated polymers form highly crystalline and dense crystallites. However, the polymer (PTADTBTO) with alkoxy group substitution shows weak and arc (100) diffraction, indicating that the polymer has low crystallinity with random orientation of crystallites. Although the edge-on orientation of polymer crystals would not be favorable for charge transport in the PSC device, an increase in the overall crystallinity of conjugated polymer is very benefi cial to effi cient charge transport and suppressed recombination of free charge carriers in PSCs. The effect of substituent on polymer Determined from cyclic voltammetry; c)
Determined from the onset of UV−vis absorption spectra;
1/2 (3 of 6) 1500065 wileyonlinelibrary.com crystallinity was further supported by the calculated torsional angle and planarity of the optimized geometry of the polymer backbones ( Figure S2 , Supporting Information). The 2-hexyldecyl side groups of the model compounds were replaced to short ethyl groups for DFT calculation to save the computation time in this work, although long and bulky side groups may induce distortion of the polymer backbone. [ 15b ] The planarity of the polymer chain is increased as fl uorine atom is introduced on BT unit (PTADTBT < PTADTFBT < PTADTDFBT), while PTADTBTO shows the most distorted structure with the largest torsional angles (Table S1 , Supporting Information). This is because fl uorine atom does not signifi cantly cause steric hindrance owing to small atomic size (van der Waals radius, r = 1.35 Å) while long alkoxy group may cause strong steric hindrance. The crystallinity of polymer is closely related to the charge transport of conjugated polymer: Both the fi eld effect transistor (FET) and the space charge limited current (SCLC) hole mobilities increase in the order of PTADTBTO < PTADTBT < PTADTFBT < PTADTDFBT (see Figures S3,S6; and also see Table S1 , Supporting Information), which is very consistent with the crystallinity. It should be noted here that high crystallinity is advantageous for improved charge transport of the conjugated polymer, but too strong selfaggregation of high crystalline polymer may form large-sized crystal domain, which hinders exciton dissociation. Hence, the balance between crystallinity and domain size should be considered for high effi ciency of PSCs. The photovoltaic performances of the polymers were measured with an inverted device architecture. When the blend ratio of polymer to PC 71 BM was varied for optimization of the photovoltaic performance of PSCs, it was found that the optimum ratio was 1:3 for PTADTBT, PTADTFBT, and PTADTDFBT, while PTADTBTO showed the best result at the ratio of 1:4 (see Table S2 , Supporting Information). Figure 3 a shows the current density-voltage ( J -V ) characteristics of optimized PSCs, and relevant photovoltaic properties are listed in Table 2 . The PSC device based on PTADTBT exhibits a promising PCE of 6.92% with V OC of 0.92 V, J SC of 11.61 mA cm -2 and FF of 0.65. The substitution of one fl uorine atom on BT unit (PTADTFBT) leads to enhanced PCE exceeding 7%, which arises mainly from largely increased V OC of 0.95 V due to lower-lying HOMO energy level. When two fl uorine atoms are substituted on BT unit (PTADTDFBT), V OC was further increased up to 0.97 V, which is one of the highest V OC s of medium-bandgap polymers reported so far, and J SC was also increased to 12.77 mA cm -2 . As a consequence, the PCE of PTADTDFBT increases as high as 8.05%. However, the PCE of PTADTBTO was dropped to 4.64%, mainly due to decreased V OC and J SC , which are attributed to high-lying HOMO level and wide bandgap, respectively.
To understand the variation of J SC of the device with different substitution, the maximum exciton generation rate ( G max ) of device is estimated by plotting the photocurrent density ( J ph ) as a function of effective voltage ( V eff ( J ph = J L − J D , where J L and J D are the current densities under illumination and dark condition, respectively, and V eff = V 0 − V, where V 0 is the voltage when J ph = 0 and V is the applied bias). [ 16 ] As can be seen in Figure 3 c, J ph was saturated as V eff exceeds 1 V, and thus the value of G max (Table 2 ) 
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higher G max than PTADTBT and PTADTBTO. Higher crystallinity of the fl uorinated polymers as compared with nonfl uorinated ones (PTADTBT and PTDTBTO) also contributes to higher J SC s of fl uorinated polymers, because higher crystallinity is expected to afford higher hole transport. It has recently been demonstrated that large dipole change from ground to excited state (∆ µ ge ) facilitates exciton dissociation and thus generation of charge-separated state. [ 17 ] When dipole moments between ground and excited states are calculated for corresponding repeating units of four polymers, the fl uorinated polymers have larger ∆ µ ge than nonfl uorinated ones (Table 1 ) , which is well consistent with the incident photon to current density (IPCE) spectra of devices (Figure 3 b) .
Recombination of charge carriers can be estimated by measuring J SC as a function of light intensity ( P light ). The dependence of J SC upon P light can be represented by a power law equation, J SC ∝ ( P light ) α , where α is recombination parameter. [ 18 ] Since α = 1 corresponds to the absence of photocurrent loss from the bimolecular recombination, higher α values for fl uorinated polymers (0.98 for PTADTDFBT and 0.96 for PTADTFBT) than the values for PTADTBT (0.92) and PTADTBTO (0.92) suggest that the bimolecular recombination is more suppressed in fl uorinated polymers than nonfl uorinated polymers. In short, the above results lead us to conclude that the enhanced charge generation with reduced charge recombination in the blends of fl uorinated polymers and PC 71 BM affords higher J SC .
The morphology of polymer/PC 71 BM blend was observed by transmission electron microscope (TEM), as shown in Figure 4 . It has been well recognized that there is a strong correlation between polymer:PC 71 BM blend morphology and photovoltaic performance. While the blends of PTADTFBT:PC 71 BM and PTADTDFBT:PC 71 BM exhibit fi nely phase-separated morphology with fi bril-like nanostructure, the PTADTBTO:PC 71 BM blend shows homogeneous-like morphology without distinct phase-separation. Since the standard TEM cannot often detect phase separation in organic photovoltaic (OPV) materials, more advanced TEM techniques could give more detail information on the morphology of BHJ fi lms. [ 19 ] It should be noted here that the formation of fi bril nanostructure is closely related to the crystallinity of the polymer: the higher crystallinity, the better formation of fi bril nanostructure.
In summary, we designed and synthesized medium bandgap polymers ( E g = 1.8-2.1 eV) based on TA and BT derivatives with different substituents, as D and A units, respectively. The optical, electrochemical, intermolecular, and charge transport characteristics were fi nely tuned by changing the type of substituent. Fluorine-substituted polymers exhibit improved charge generation with reduced bimolecular recombination as compared with ( 5 of 6) 1500065 wileyonlinelibrary.com nonfl uorinated or other substituted ones. As a consequence, the di-fl uorinated polymer, PTADTDFBT, exhibits a high PCE of 8.05%, which is the highest performance among medium bandgap polymers reported so far. Particularly, the high performance was achieved for the device as fabricated from simple spincoating without addition of additive and posttreatment. This work not only demonstrates that the TA unit is a promising building block for synthesis of medium bandgap polymer for high performance single junction PSCs but also suggests that the fl uorine atom substitution on conjugated polymer can tune its frontier energy levels and thereby improve the photovoltaic performance.
Experimental Section
Synthesis of Polymers : Synthesis details of monomers are described in Supporting Information. For synthesis of PTADTBT, a solution of (5,5′-(9,10-bis(5-(2-hexyldecyl) thiophene-2-yl)anthracene-2,6-diyl) bis(thiophene-5,2-diyl))bis(trimethylstannane) (128.1 mg, 0.1 mmol) and 4,7-dibromobenzo[ c ] [1,2,5]thiadiazole (29.3 mg, 0.1 mmol) in 4 mL of anhydrous toluene was refl uxed for 48 h under nitrogen, followed by end-capping using 2-bromothiophene and 2-tributyltinthiophene, successively. After cooling down to room temperature, the solution was precipitated in methanol, fi ltered, and then purifi ed by Soxhlet extraction successively with methanol, acetone, hexane, methylene chloride, and chloroform. Finally, the chloroform fraction was concentrated, and then the concentrate was precipitated in methanol. The dark purple solid was obtained after fi ltering by PTFE fi lter and dried overnight in 70% yield. The yields of the polymerizations were 64%, 66%, and 46% for PTADTFBT, PTADTDFBT, PTADTBTO, respectively.
Fabrication and Characterization of Photovoltaic Cells : Photovoltaic cells were fabricated with an inverted structure of ITO/ZnO(30 nm)/ polymer:PC 71 BM(120 nm)/MoO 3 (8 nm)/Ag (120 nm). The patterned indium tin oxide (ITO) glass was cleaned in an ultrasonic bath of acetone and isopropanol, and treated in ultraviolet-ozone chamber for 30 min. Then, ZnO layer was spin-coated onto the ITO-coated glass substrates from a ZnO precursor solution (C 4 H 6 O 4 Zn·2(H 2 O) in NH 2 CH 2 CH 2 OH and CH 3 OCH 2 CH 2 OH). After thermal annealing at 200 °C for 1 h, the active layer was spin-coated from the polymer blend solution in o -dichlorobenzene. The solid concentration was set to 35 mg mL -1 . After spin coating, the fi lm was placed in a closed jar for slow drying of the solvent. Finally, MoO 3 and Ag were thermally evaporated as an anode electrode at a pressure of less than 10 −7 torr. The active area of each device was 4.00 mm 2 defi ned by a shadow mask. The photovoltaic performance was measured under nitrogen atmosphere inside a glovebox. The current density-voltage ( J-V ) characteristics were measured with a Keithley 4200 source-meter under AM 1.5 G (100 mW cm −2 ) illumination, which was calibrated using a NREL-certifi ed photodiode
The charge-transport characteristics of the polymers were measured by using thin-fi lm transistors (bottom-gate top-contact device geometry). On the heavily n-doped SiO 2 /Si substrate, the polymers were spin-coated from o -dichlorobenzene solution in thickness of 50 nm. The surface of the substrate was treated by octadecyl trichlorosilane to make hydrophobic dielectric surface. Source and drain electrodes were then thermally evaporated (60 nm) with channel width and length of 1500 and 30 µm, respectively. All the devices fabricated in this study were clearly isolated to achieve negligible gate leakage current. All the fi eld effect mobilities were extracted from the saturation regime using the relationship
], where I DS denotes the saturation drain current, C is the capacitance of SiO 2 dielectric, V G is the gate bias, and V th is the threshold voltage. The SCLC hole mobilities in the active layer of BHJ were measured in the device confi guration of ITO/PEDOT:PSS/ polymer:PC 71 BM/MoO 3 /Au. The photovoltaic properties were measured in air using 4200-SCS semiconductor characterization system.
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